Introduction
Intentional release into northern Australian fresh waters of alien fishes suitable for recreational fishing has been strenuously opposed (e.g., Barlow and Lisle 1987) because of the many associated negative environmental and ecological effects (Courtenay and Stauffer 1984; Moyle 1986; Moyle et al. 1986; Welcomme 1988; Arthington 1991; Crowl et al. 1992 ). However, this concern has not been equally expressed with regard to the translocation of native fishes outside their natural range.
of native fishes to establish or enhance recreational fisheries throughout the State. Nearly 30 million fish from over 20 species have been stocked in Queensland waterways since 1986 and the rate of stocking is increasing (Burrows 2004) . Nearly 1.5 million fish have been officially stocked in various locations throughout the Burdekin River, northern Queensland (Table 1 , Figure 1 ). There has been no assessment of the environmental and ecological consequences of fish stocking in the region and until recently, no planning to protect areas of conservation significance.
Meaningful assessment of the impact of a translocation or introduction event may be hampered by a lack of information about the ecological status of the receiving system prior to the event. Moreover, when such information does exist, it may not be in a form amenable to rigorous quantitative treatment because: (a) information is drawn from several different sources; (b) the design of such studies was never intended to accommodate other unforeseen investigations; or (c) because sampling methods vary between studies. Similarly, a failure to monitor the effects of an introduction event after it has occurred, other than to determine whether it has been successful (in the case of deliberate introduction), makes assessment of any negative consequence difficult. This may be especially the case in regions remote from population centres and for which resources are scarce or when introductions are carried out under the auspices of local community-based stocking groups that may lack the financial resources to undertake follow-up research, be under no obligation to do so, or have little interest in the negative consequences of their activities. Finally, in the case where prior information exists, it is frequently in the form of difficult-toaccess 'grey' literature (i.e., government agency reports). The present paper discusses the sequence of invasion and impacts on fish biodiversity and ecological processes of three translocated species: a large gudgeon Oxyeleotris lineolatus (Steindachner); barramundi Lates calcarifer (Bloch); and yellowbelly or golden perch Macquaria ambigua (Richardson), in the Burdekin River basin. The information presented here was collected as a part of research in the river basin not specifically aimed at investigating the impact of non-native species. As a consequence, this report must unavoidably take the form of a narrative account of the translocation history, spread and impact (real and potential) of these species.
Study area and ecological background
The Burdekin River (Figure 1 ) is a large (130,000 km 2 ), low gradient river with a highly variable flow regime (Pusey and Arthington 1996; Puckridge et al. 1998) (Figure 2 ). Two extreme events have occurred in the last 15 years: the 1991 flood was the second largest on record and was followed by a four-year drought containing the 2nd and 3rd lowest annual discharges on record. The upper reaches of the river in the vicinity of Valley of Lagoons (Figure 1 ) are typified by a series of deep waterholes connected by meandering reaches of moderate flow and occasionally by short stretches of rocky rapids. For many hundreds of kilometres downstream of this area, the river is characterised by low-gradient reaches with low to moderate flow over a sand substrate. Habitat diversity is uniformly low, water quality is good and periods of 'cease-to-flow' are normally limited (Pusey and Arthington 1996; Pusey et al. 1998) . Tributary systems are not greatly dissimilar in habitat structure or wetseason water quality to the upper Burdekin River, although reaches of faster flow and coarse substrate occur more frequently in the upper reaches of these tributaries. Small waterfalls (2-5 m) occur in some tributaries. Cease-to-flow conditions are more common in tributaries and are typically limited to the dry season during which time habitat availability is limited and water quality may deteriorate (Pusey et al. 1998; Burrows and Tait 1999) . The Belyando/Suttor Rivers and the Cape/Campaspe Rivers are very low gradient tributary systems of the upper Burdekin River typified by greatly elevated turbidity (up to 500 NTU) and extended periods of cease-to-flow conditions (Pusey and Arthington 1996; Pusey et al. 1998; Burrows et al. 1999; Burrows 2001) . The Bowen River, a major tributary of the lower Burdekin River, is characterised by consistently good water quality, perennial flows, higher gradient and habitats with elevated water velocity and coarse substrates (Pusey and Arthington 1996; Pusey et al. 1998) . Several impoundments occur along the river's length: the largest of which are Lake Dalrymple (Burdekin Falls Dam (BFD) -1,860,000 megalitres (ML)) on the Burdekin River and Eungella (Allen et al. 2002; Pusey et al. 2004) . With the exception of a small number of eels (Anguilla reinhardtii), such lowland species are denied access to the upper reaches of the river (Pusey et al. 1998) . Upstream of the Burdekin Falls, at least two endemic species (Scortum parviceps, a terapontid grunter, and Neosilurus mollespiculum, a plotosid catfish) are abundant and widely distributed. Piscivorous fishes are mostly naturally absent.
Data sources
With the exception of Pusey et al. (1998) , the studies upon which this report is based consist of unpublished reports to government or unpublished data sets. Midgley (1977) surveyed eight sites located throughout the basin using a variety of passive and active sampling methods (i.e., nets and baited line). Sites were sampled once in 1976. Electrofishing, either boat or back-pack, was not employed in that study but was the dominant sampling method used in the studies discussed below. Of these, all but Hogan and Vallance (2000) used single-pass back-pack electrofishing over a distance between 100 and 200 m of stream length and fish abundances were standardised to a CPUE of 100 min total electrofishing time. Pusey et al. (1998) surveyed 12 sites broadly distributed throughout the catchment, including the tributary systems Fletcher Creek, Keelbottom Creek, Fanning River and Running River upstream of the BFD and the Bowen River downstream of the BFD. Each site was sampled four times over the period 1990-1992. Burrows and Tait (1999) sampled nine sites spread evenly between Running River, Keelbottom Creek and Fanning River. These sites were sampled on one occasion only in 1999. Burrows et al. (1999) surveyed by Pusey et al. (1998) . These sites were sampled annually over the period 1993-1997 and their location is depicted in Figure 1 . Hogan and Vallance (2000) surveyed 10 sites throughout the catchment by boat electrofishing.
The translocation and spread of sleepy cod (Oxyeleotris lineolatus)
Oxyeleotris lineolatus is not native to the Burdekin River basin (Pusey et al. 2004) . Anecdotal accounts of its presence in the lower Burdekin River (J. Tait Oxyeleotris lineolatus was uncommon over the period 1989-1992 when electrofishing catches in the upper Burdekin River never exceeded two individuals per occasion (Pusey et al. 1998 ). Catches were dominated by large mature fish ( Figure 4 ) and restricted to the site of introduction (Site B1 - Figures 1 and 3 ). This situation continued until 1994 when 18 individuals were recorded at Blue Range Station (Site B2, approximately 150 km downstream of B1) and six individuals were collected from the river at Macrossan's Crossing near Charters Towers (site B5), a further 150 km downstream from B2 (Figures 3 and 5) . By 1995, the O. lineolatus catch at Blue Range Station increased (39 individuals collected) but no similar increase in abundance was recorded at Macrossan's Crossing ( Figure 5 ). Electrofishing catches remained high and relatively stable at Blue Range Station in 1996 and 1997 but an increase from 5 to 70 individuals per sample was detected at Macrossan's Crossing ( Figure 5 ). The sequential increase in population size over time down the length of the river is suggestive of a 'colonising front' moving downstream. Changes in population size structure at individual sites suggest that this colonising front was composed mostly of small juvenile and sub-adult fishes (Figure 4) . We suggest that after progression of the colonising front, the remaining fish matured, reproduced and provided additional recruits available to colonise further downstream. We acknowledge that estimates of population size derived from single pass electrofishing may be variable and in north-eastern Australia this is primarily a problem when estimating abundance for open water school species (Kennard et al. unpublished data) . Oxyeleotris lineolatus is more typically associated with root masses and undercut banks (Pusey et al. 2004) and it is highly unlikely that the temporal differences in abundance reported here are due to sampling error and anything other than real pre 1980; 2, 1980-1992; 3, 1994; 4, 1995; 5, 1997; 6, 1999; and 7, 2000. Refer to Figure 1 for tributary and location names. increases in abundance over time. Note also that prior to expansion of the O. lineolatus population (i.e., pre 1993), electrofishing catches were always two individuals or less per sample; greatly less than recorded in the expansion phase (post 1993).
Oxyeleotris lineolatus was absent from tributary systems of the upper Burdekin over the period 1990-1992, but was widely distributed in Keelbottom Creek and the Star and Fanning Rivers by 1999 (Burrows and Tait 1999) . Local landholders report that O. lineolatus was first observed in Keelbottom Creek in 1998 (pers. comm. to D. Burrows). The only reaches found not to contain O. lineolatus were those situated above natural barriers to movement (i.e., waterfalls on Fanning River and Keelbottom Creek) or those located far upstream (i.e., Star River) (Burrows and Tait 1999) . Oxyeleotris lineolatus was detected in Lake Dalrymple (Hogan and Vallance 2000) and at several sites in the Belyando River of Lagoons, it is possible that the spread of this species in the south-western sub-catchments has been facilitated by other events also. For example, farm dams and both main channel and offchannel waterbodies in the Belyando, Suttor and Cape River drainages were apparently stocked with non-native fishes such as O. lineolatus and Macquaria ambigua during the 1980s and 1990s (pers. comm. to D. Burrows).
It is reasonable to assume that O. lineolatus has now invaded every available tributary system of the upper Burdekin River, and that this has occurred in less than a decade (i.e., post-egress from the point of introduction). Marchetti et al. (2004) characterised the invasion of new systems by alien species as being composed of four distinct phases: transport, establishment, spread and integration; and identified propagule pressure, parental care, a long life span and a well-developed physiological tolerance to water quality extremes as being positively associated with success during the establishment phase. Similar traits were identified as correlates of invasion success in Mediterranean streams (Vila-Gispert et al. 2005) . Oxyeleotris lineolatus occurs throughout northern Australia, is highly fecund (average egg mass size=43,130 eggs), fans and guards a well defined nest until the eggs hatch, may live for 5-7 years and can tolerate a wide range of water pH (4.8-9.2), temperature (18-38°C), dissolved oxygen (1.0-10.2 ppm) and water clarity (0.1-579 NTU) (Pusey et al. 2004 ). Arthington (1991) and Gido et al. (2004) also noted that successful invading species are typically tolerant of a wide range of environmental conditions. The establishment phase for O. lineolatus in the Burdekin River lasted approximately 10 years during which time it was restricted to the point of introduction. 'Sleeper' or 'dormant species;' introduced species for which the expansion phase is preceded by a long period of apparent dormancy, have been described previously (Bruton 1986 ). The spread phase of such species is believed to be facilitated by some form of environmental stress that inhibits the ability of natural communities to resist invasion (Arthington et al. 1990; Moyle and Light 1996) . Several reviews (e.g., Moyle 1986; Arthington et al. 1990; Kennard et al. 2005) have found that although fish species have been introduced into a wide variety of environments, the greatest success has been achieved in habitats disturbed by human activities and in particular, those subjected to flow regime change. In the case of O. lineolatus, expansion appears related to the concatenation of two natural, albeit extreme, events (record high flow followed by record drought) between 1991 and 1996. This set of flow conditions led first to a major increase in the abundance of native species (due to enhanced recruitment associated with an increase in habitat availability and food abundance following the 1991 flood) followed by a rapid decline in abundance as flows declined and the fish became restricted to ever reducing habitat (Pusey et al. 2004 ). Marchetti et al. (2004) noted that a long life span (positive influence), distance from the nearest source population (negative), adult trophic status (herbivores less likely to spread) and a history of prior invasion success (positive) were all associated with the spread phase of an invading species. Note, however, that Marchetti et al. (2004) quantified spread as the number of separate catchments in which an invading species occurred, not the rate of spread within a catchment after it has become established. None-the-less, the long life span of O. lineolatus and its carnivorous habit may increase its capacity to spread quickly. It is highly likely that a natural tendency for dispersal increases the rate of spread also. Most colonisation in the Burdekin River has been achieved by juvenile and sub-adult, not adult fish (Figure 4) . The movement biology of O. lineolatus has not been studied in detail and it is not known if such migratory behaviour occurs in their natural habitats (Pusey et al. 2004 ). However, widespread dispersal by juveniles and sub-adults is a distinctive feature of the freshwater fish fauna of northern Australia (and of eleotrids in particular) and may be advantageous in systems that experience great fluctuations in habitat availability and distribution due to variable flow regime (Pusey et al. 2004 ). Moreover, dispersal in the juvenile phase may be an imperative when microhabitat use varies little with ontogeny and adults predate upon juveniles. Elton (1958) coined the term 'ecological resistance' (subsequently divided by Moyle and Light 1996 ; into three interactive elements: biotic, demographic and environmental) to describe the barriers with which each newly invading species interacts. Biotic resistance is the effect that the recipient community has an influencing invasion success through the presence of parasites, predators, pathogens and competitors. Large gudgeons are absent from the upper Burdekin River and other large-bodied species such as Hephaestus fuliginosus and Scortum parviceps are primarily omnivorous consuming prawns, shrimps, algae and macrophytes; consequently few competitors and no major predators exist in the upper Burdekin River. There appear to be few habitats in the river that have not been invaded by O. lineolatus (except those located above barriers to movement) consistent with a wide tolerance to varying water quality conditions and a diverse mesohabitat use (Merrick and Schmida 1984; Pusey et al. 2004) . A common characteristic of successful biological invaders is the ability to tolerate a wide range of variability in climate and habitat structure (Swincer 1986 ). Arriving species with wide tolerance limits and broad habitat requirements are likely to be more versatile and so better able to survive and reproduce in the receiving community (Pimm 1989 ).
Other translocated fish in the Burdekin River: barramundi (Lates calcarifer) and yellowbelly (Macquaria ambigua)
Lates calcarifer is stocked extensively in the Burdekin River including locations previously outside its natural distribution (i.e., areas upstream of the Burdekin Falls including Lake Dalrymple, Charters Tower Weir, upper Broken River). Given its current presence in the Charters Towers Weir, barramundi may in the future colonise much of the river upstream of this point and anecdotal evidence cited in Burrows and Tait (1999) suggests this may have already occurred. Similar expansion into the Suttor/Belyando systems can be expected, if stocking continues in Lake Dalrymple. Note that L. calcarifer cannot breed in freshwater, a fact often disingenuously used by proponents of fish translocation to downplay potential negative ecological impacts. Continued stocking of source populations is little different to natural recruitment for a species in which spawning and nursery grounds (i.e., estuaries) are spatially distinct from juvenile and adult habitats (i.e., upstream riverine habitats). Arthington and Bluhdorn (1996) comment that introduced species do not have to reproduce in the new environment to have an impact. A sustained predatory or competitive effect on indigenous species may follow the release of long-lived species (Baltz 1991) .
Macquaria ambigua, a large percichthyid native to southern Australia, has been deliberately introduced into the Burdekin River on a number of occasions. The first introduction (100 small fish sourced from the Narrandera Research Station, NSW and a further 12 fish from the Thomson River catchment, part of the Lake Eyre basin), occurred at Valley of Lagoons Station in the 1970s (Midgley 1977; A. Atkinson, pers. comm. to D. Burrows) . This population apparently failed to establish although it persisted for about 10 years. Limited stocking of the lotic waters upstream of the Clare Weir occurred in the mid-1970s, but appears to have been unsuccessful also (Alex Hamlyn, QDPI; pers. comm.). Undocumented and unofficial introductions of M. ambigua into farm dams and local waterways have been common in the last three decades of the 20th century. For example, M. ambigua were stocked into an overflow channel of the Burdekin River downstream of the Macrossan road crossing in 1987 (Burrows, unpubl. data) . The second route of introduction was via accidental escape from an aquaculture facility during the extreme floods associated with Cyclone Joy in 1991 and a self-sustaining expanding population has now become established in the river. Populations have been detected recently in the Campaspe River (Burrows 2001) and in the Belyando River . Pastoralists in the upper Cape River first reported this species in 1997 and it has been collected in the impounded reaches of the Burdekin Falls Dam (Burrows 2001 ) and downstream of the dam also (Hogan and Vallance 2000) .
Both the Campaspe and Suttor/Belyando rivers are notable for their high turbidity and in this regard, they resemble rivers found across the native range of M. ambigua (Merrick and Schmida 1984) . It is very likely that this species will fare well in the future with populations expanding in size and range, particularly as these river systems lack an appreciably sized competitor (i.e., Hephaestus fuliginosus). Burrows (1999) , in an environmental scoping study for water infrastructure development in the Burdekin River, suggested that new developments could lead to increases in the levels of suspended solids. Any water resource development in the catchment that results in increased water turbidity is likely to favour M. ambigua, to the detriment of native fishes less tolerant to such conditions. In addition, this species is able to spawn in impoundments and has previously been shown to become widespread and abundant in north-eastern Australian rivers after translocation (Pusey et al. 2004 ).
Impacts associated with O. lineolatus in the Burdekin River
The purple-spotted gudgeon Mogurnda adspersa is a small eleotrid gudgeon (<70 mm SL). Recent revision of the genus Mogurnda in Australia (Allen and Jenkins 1999) has resulted in formal recognition of four new species and genetic evidence suggests that the species currently recognised as M. adspersa in north-eastern Queensland is composed of a number of additional distinct taxa also (D. Hurwood, pers. comm.) . The spread of O. lineolatus appears to be concomitant with a decline in abundance of M. adspersa in the Burdekin River. This gudgeon was common at Blue Range Station (B2) in 1993 (e.g., 30 fish collected in 100 min of electrofishing) prior to invasion by O. lineolatus but abundance levels had declined to only five and one fish per sample within 1 and 2 years, respectively, of its arrival. It was completely absent from electrofishing catches in 1996 and 1997 ( Figure 5) . A similar pattern was observed at Macrossan's Crossing. Mogurnda adspersa and O. lineolatus co-existed whilst the latter was at low abundance but M. adspersa was driven to apparent local extinction by 1997 when O. lineolatus abundances were at their greatest. Mogurnda adspersa were either at low abundance or absent from the two Bowen River sites at which populations of O. lineolatus have long been established ( Figure 5 ).
Further evidence of an impact by O. lineolatus on M. adspersa is provided by abundance and distribution data for these two species in tributary streams of the upper Burdekin River (Burrows and Tait 1999; Burrows 2001) . Note however, that most samples were collected post-invasion and pre-impact abundance data are limited. Mean abundance levels at one site in the Fanning River and one site in Keelbottom Creek, over the period 1990-1992, were available as putative controls (Pusey et al. 1998) . Collectively, these data suggest that M. adspersa is able to reach high abundances in sites in which O. lineolatus is absent or at low abundance (2 or less per sample) ( Figure 6 ). It is noteworthy that the two sites with the highest abundance of M. adspersa were both located above waterfalls and not yet accessed by O. lineolatus. Under conditions in which sleepy cod achieved moderate to high abundance (>5 fish per sample), M. adspersa were either absent or at comparatively low abundance.
Oxyeleotris lineolatus may directly have an impact on M. adspersa through competition and predation. Both species have almost identical microhabitat requirements with a high dependency on available cover, particularly the fine root masses of riparian trees; furthermore the diet of juvenile O. lineolatus is very similar to that of M. adspersa (Pusey et al. 2004 ). Sub-adult (100-200 mm SL) and adult O. lineolatus are piscivorous, with more than 50% of the diet being composed of fish. Even fish of 100 mm SL are able to ingest large M. adspersa (unpubl. obs.). Elsewhere, the closely related O. heterodon is piscivorous (63% of total diet) and the fish component comprised of a single prey species, another gudgeon (Coates 1992) . If such an extreme reliance on a single species occurs in the interaction between O. lineolatus and M. adspersa, then rapid declines in population size of the latter species seem inevitable. Even so, it seems unlikely that the spread of O. lineolatus throughout the Burdekin River system will lead to the total elimination of M. adspersa from the river. For example, O. lineolatus and M. adspersa appear able to coexist in aquatic habitats of the Valley of Lagoons (B1) ( Figure 5) . Moreover, most studies of the impact of invading species on freshwater systems report few extinctions and a general tendency for species diversity to increase due to the addition of non-native species (e.g., Gido and Brown 1999; Rahel 2002; Gido et al. 2004; Ricciardi and Atkinson 2004) . However, Ricciardi and Atkinson (2004) caution that lag times measured in decades may obscure ecological impacts. Extinctions in systems invaded by alien species may frequently be more a response to loss or degradation of key habitats than to alien species per se (Olden and Poff 2004) , not withstanding the fact that habitat degradation may favour alien species (Ross et al. 2001; Bunn and Arthington 2002; Kennard et al. 2005 ).
Changes to food web structure
Piscivory is common in the lower reaches of tropical Australian rivers (Pusey et al. 2000) whereas the absence of predominantly piscivorous fishes is a feature of the food web in the upper reaches of the Burdekin River and its tributaries (i.e., above the Burdekin Falls). Fish prey make up less than 4% of the diet of any native species in the unregulated upper Burdekin River (Pusey and Arthington, unpublished data) . In contrast, more than 50% of the adult diet of (Pusey et al. 1998) , the Cape and Campaspe rivers (r) (Burrows 2001 ) and the Belyando River (n) . The data included from Pusey et al. (1998) are the arithmetic means of abundances determined on four occasions over the period 1990-1992 (the SD were 18 and 29% of the mean for the Fanning River and Keelbottom Creek, respectively) and represent abundance values prior to invasion of these systems by O. lineolatus.
O. lineolatus, L. calcarifer and M. ambigua is comprised of fish (Pusey et al. 2004) . Increased extent and strength of piscivory in previously largely predator-free habitats is highly likely to have negative impacts on the native fish fauna. Localised and rapid extinction of predator-naive species following the translocation of piscivorous fishes has been demonstrated in northern Australia ) and elsewhere (Bruton 1986; Moyle 1986; Crowl et al. 1992) . It is notable that acknowledgement of the potential for predation to impact on native fishes was critical in the abandonment of the program to introduce Nile perch (Lates niloticus) into northern Australia (Barlow and Lisle 1987 ). Yet, ironically, a closely-related, similarly-sized, piscivorous congener is assumed not to be problematic simply because it is native to the region and cannot breed in freshwater (see also Arthington 1991) .
Conclusion
To date, the translocation or introduction of non-native fishes into the Burdekin River has occurred without prior assessment of the likely impacts of such actions, or indeed, subsequent assessment of any impacts that may have arisen. In the case of the O. lineolatus, its introduction and subsequent spread throughout the catchment appear to have negatively impacted on at least one native fish species. Predation by adults, and to a lesser extent, competition with juvenile O. lineolatus, appear to be the most likely ecological mechanisms responsible for the decline of M. adspersa in the Burdekin catchment. Naturally high levels of temporal variation in abundance of most species in the Burdekin River (Pusey et al. 2004 ) makes detection of impacts associated with the introduction of non-native fishes difficult. However, the absence of large predatory fishes in the upper part of the river means that predation pressure is highly likely to increase in impoundments and unregulated reaches to which translocated predaceous species have access. Negative impacts are highly likely to occur. Future attempts to assess the impacts of other processes occurring in the catchment, particularly impacts of increasing water resource use and the establishment of associated infrastructure (Bunn and Arthington 2002), will be greatly hampered if the impacts associated with fish introductions are not fully documented and understood. Fish play important roles in the ecology of streams and rivers (Power 1990 (Power , 1992 ; the impact on biodiversity that results from the deliberate and accidental introduction of non-native fishes has substantial consequences for the maintenance of biodiversity and ecosystem processes, and consequently environmental and human health.
